We searched for clonable committed T cell progenitors in the adult mouse bone marrow and isolated rare (Ϸ0.05%) cells with the Thy-1 hi CD2 ؊ CD16 ؉ CD44 hi CD25 ؊ Lin ؊ phenotype. In vivo experiments showed that these cells were progenitors committed only to reconstituting the T cell lineage of irradiated Ly5 congenic hosts. Reconstitution of the thymus was minimal compared with that of the bone marrow, spleen, and lymph nodes. At limiting dilutions, donor T cell reconstitution of the spleen frequently occurred without detectable donor cells in the thymus. Progenitors were capable of rapidly reconstituting athymic hosts. In conclusion, the clonable bone marrow progenitors were capable of T cell reconstitution predominantly by means of an extrathymic pathway.
We searched for clonable committed T cell progenitors in the adult mouse bone marrow and isolated rare (Ϸ0.05%) cells with the Thy-1 hi CD2 ؊ CD16 ؉ CD44 hi CD25 ؊ Lin ؊ phenotype. In vivo experiments showed that these cells were progenitors committed only to reconstituting the T cell lineage of irradiated Ly5 congenic hosts. Reconstitution of the thymus was minimal compared with that of the bone marrow, spleen, and lymph nodes. At limiting dilutions, donor T cell reconstitution of the spleen frequently occurred without detectable donor cells in the thymus. Progenitors were capable of rapidly reconstituting athymic hosts. In conclusion, the clonable bone marrow progenitors were capable of T cell reconstitution predominantly by means of an extrathymic pathway.
T cell progenitor ͉ extrathymic maturation ͉ T cell reconstitution ͉ thymus C ommitted T cell progenitors (CTP) that are restricted only to the T cell lineage have been reported to develop in the mouse fetal blood, liver, or spleen before they emigrate to the thymus for further maturation (1) (2) (3) (4) (5) . However, the presence of multipotent or bipotent early progenitors in the adult and fetal thymus capable of generating non-T lineage cells suggested that commitment to the T lineage occurs only within the thymus (6) (7) (8) (9) (10) (11) (12) . A recent study indicated that the CD90 ϩ ͞CD117 lo ͞CD3
Ϫ progenitor cells in the fetal blood and spleen that have been reported to be CTP (1) expressed the NK1.1 marker, and were actually bipotent progenitors capable of generating both T and natural killer (NK) cells despite the expression of such T lineage-associated genes as GATA-3, TCF-1, TCR-C ␤ , and pT␣ (13) . The latter study suggested that commitment to the T cell lineage occurred after fetal progenitors emigrate to the thymus and during subsequent rearrangement of the TCR ␤ chain genes (12, 13) .
The object of the current study was to search for CTP in the adult bone marrow that are capable of generating only mature T cells in vivo and that can be cloned by in vivo limiting dilution as reported for hematopoietic stem cells and common lymphoid progenitors cells (14) (15) (16) . In particular, we studied a rare population (Ϸ0.05%) of T cell progenitors in the marrow (Thy-1. (17) . The phenotype of these progenitors is similar to that reported for early T cell progenitors in the fetal thymus (18) .
T cells in vitro

Materials and Methods
Mice. Congenic strains of wild-type C57BL͞6 Ly5.2 and C57BL͞6 Ly5.1 mice were bred and maintained in the Department of Comparative Medicine animal facility (Stanford University School of Medicine, Stanford, CA). Male and female mice were used at 8 to 12 weeks of age. In addition, C57BL͞6-RAG-2 Ϫ͞Ϫ mice (B6.SJL; Rag2) and C57BL͞6 nu͞nu mice expressing the same Ly5.1 allele as the Ly5.1 wild-type mice were purchased from Taconic Farms.
Immunofluorescent Staining and Sorting of Cells. Bone marrow cells were harvested from the femur and tibia as described (19) . Staining and sorting of cell suspensions with fluorochrome or biotin-conjugated mAbs, including FcR blocking and propidium iodide gating, have been described (20) . For sorting candidate progenitor cells in the bone marrow, cells were first enriched by incubation with biotin-conjugated anti-Thy-1.2 mAb (5a-8, Caltag, South San Francisco, CA), incubated further with streptavidin-conjugated immunomagnetic beads, and positively selected on MACS-MS magnetic separation columns (Miltenyi Biotech, Auburn, CA) according to the manufacturer's instructions. The enriched cells were stained and sorted thereafter. The following mAbs were conjugated with fluorochromes as described (21): FITC-conjugated anti-Ly5.2 (A20.1.7), biotinconjugated anti-Ly5.1 (ALI-4A2), and allophycocyanin (APC) conjugated anti-CD44 (IM-781). Conjugated mAbs and reagents were purchased from PharMingen, including FITC and phycoerythrin (PE) anti-CD4 (CT-CD4), PE anti-CD8 (CT-CD8a), PE and FITC anti-TCR␣␤ (H57-597), PE anti-CD25 (PC61-5.3), FITC and PE anti-Mac-1 (M1͞70.15), and Texas red streptavidin. PE and FITC anti-B220 (RA3-6B2), PE anti-Gr-1 (RB6 -8C5), PE anti-NK1.1 (PK136), FITC anti-CD16͞32 (2.4G2), PE and FITC anti-CD2 (RM2-5), APC anti-CD3 (2Cll), PE anti-V ␤ 3 (KJ25), FITC anti-V ␤ 6 (RR4-7), FITC anti-V ␤ 8 (F23.1), and biotin anti-CD11c (HL3) were purchased from PharMingen. Cells detected by the 2.4G2 mAb are referred to as CD16 ϩ in the text. In some experiments, spleen cells were enriched for Thy-1 ϩ and CD11c ϩ cells by incubating cells with biotin mAbs directed against these markers, incubated with streptavidin beads, and positively selected on magnetic separation columns (Miltenyi Biotech). In studies of splenic-dendritic cells, spleen cell fragments were treated with collagenase type II (Worthington) and DNase I (Roche Molecular Biochemicals) before making single-cell suspensions according to a protocol designed to optimize the dendritic cell yield as described (22) .
Gene Expression Analysis by Reverse Transcription-PCR. Total RNA was extracted from sorted cells by using the RNeasy Mini Kit (Qiagen, Santa Clarita, CA). For RNA isolation, between 3 ϫ 10 4 and 6 ϫ 10 4 cells were used. RNA was then reverse transcribed by using random hexamer primers followed by PCR amplification. The optimal conditions for PCR amplification for ␤-actin message, to be used as an internal standard, were established by titration of the number of amplification cycles by using primers specific for ␤-actin, followed by densitometry analysis to measure ethidium-bromide luminescence of the PCR products. The forward and reverse primers used for ␤-actin are 5Ј-TGGGTCAGAAGGACTCCTATG-3Ј, and 5Ј-ACCAGA-CAGCACTGTGTTGGC-3Ј, respectively. Primers for RAG-1 and RAG-2, as well as the conditions for the PCR, have been described (23) . The design of primers specific for pTa gene amplification was based on a sequence found in GenBank (24) , accession number U16958 (25) . These primers have the following sequences: nested forward, 5Ј-GGCTCCACCCATCA-CACTGC-3Ј; internal forward, 5Ј-TGCTGGTGGTTTGCCT-GGTC-3Ј; internal reverse, 5Ј-GGGAGCAGTAGTGTCCA-GCATC-3Ј; and nested reverse, 5Ј-CCATTTACAAGAGGCA-GATCAC-3Ј.
PCR Analysis for TCR Gene Rearrangements. TCR V ␤ 7 and V ␤ 8 gene rearrangements were detected with a nested PCR technique (26) . Primers specific for the V ␤ 7 locus (first round, 5Ј-TACCTGATCAAAAGAATGGGAG-3Ј; and second round, 5Ј-GAGCATTTCTCCCTGATTCTGG-3Ј) and for the J ␤ 2-C ␤ 2 intronic region (first round, 5Ј-TCCTGGCTTGCGAGA-GAGCG3Ј; and second round, 5Ј-TTGAGAGCTGTCTC-CTACTATC-3Ј) have been described (26) . The design of primers specific for consensus V ␤ 8 exon regions was based on a sequence found in GenBank (24) , accession number AE000522, and aligned with BLAST (27) . These primers had the following sequences: first round, 5Ј-CACATGGAGGCTGCAGTCAC-3Ј; and second round, 5Ј-CATGTACTGGTATCGGCAGG-3Ј. The design of primers specific for the intron and D ␤ 1 exon regions was based on a sequence found in GenBank as above, accession number AE000665. These primers had the following sequences, respectively: first round, 5Ј-CTTCTTCATAGGGTGGTTCC-3Ј; and second round, 5Ј-ACTGTAACATTGTGGGGACAG-3Ј. Primers specific for the intronic regions flanking the first exon of the TCR C ␣ gene were used to control for the adequacy of amplification and the integrity of the genomic DNA. These were generously provided by James W. Tung (Stanford University, Stanford, CA); the design was based on a sequence found in GenBank (24) , accession number M64239. These primers had the following sequences: first round forward, 5Ј-AGGCTGT-CATTTCCAATGTG-3Ј; second round forward, 5Ј-CTTCTA-ACATCAGTCCTCTTG-3Ј; first round reverse, 5Ј-CACTCCC-TCCTCCTCATCTG-3Ј; and second round reverse, 5Ј-GACCCGTTAGACTCCTTAGTG-3Ј.
In Vitro Assay for Myeloid͞Erythroid Colonies. Sorted progenitor cells from the C57BL͞6 wild-type bone marrow were plated in medium with methyl-cellulose containing stem cell factor, IL-11, Flt3, IL-3, granulocyte͞macrophage colony-stimulating factor, erythropoietin, and thrombopoietin. Colonies were counted at day 7 as described (14) . . The pattern in all tissues at 8 weeks remained stable at 12 weeks (data not shown). Table 1 shows the mean Ϯ SE absolute number of Ly5.2 ϩ donor cells in the bone marrow (both femurs), thymus, and spleen at serial time points after the cell injection. The number of lymph nodes obtained from host mice was too variable for accurate analysis. The number of donor cells in the marrow was stable in the range of 5 ϫ 10 thereafter. Comparison of the absolute numbers of donor T cells in the bone marrow of irradiated hosts to that of untreated wild-type mice showed that the reconstituted marrow T cells were 10-fold higher than in untreated mice, but reconstituted spleen cells were about 4-fold lower at 8 weeks (Table 1) . Reconstituted thymocytes were about 40-fold lower. Thus, robust reconstitution in the bone marrow was associated with minimal reconstitution of the thymus.
Because it was possible that the outgrowth of Ly5.2 T cells in the hosts given purified Ly5.2 progenitor cells and RAG-2 Ϫ/Ϫ Ly5.1 marrow cells may have been derived from a small number of mature bone marrow T cells contaminating the progenitor cells, a control group was set up in which hosts were given RAG-2 Ϫ/Ϫ Ly5. Fig. 1D shows that the expansion of the mature T cells in the lymphoid tissues of the hosts was minimal after 4 weeks and that the bone marrow, spleen, lymph nodes, and thymus contained 1% or less of TCR␣␤ ϩ Ly5.2 T cells. Thus, contaminating mature T cells from the bone marrow had little capacity to expand in the host lymphoid tissues. This result stands in contrast to previous reports that show dramatic expansions of wild-type or transgenic donor CD4 ϩ or CD8 ϩ T cells after transfer to T cell-deficient hosts (29) (30) (31) (32) . However, all of these studies used T cells obtained from the lymph nodes and spleen (29-32) that did not have the unusual phenotypic and functional characteristics of T cells in the marrow (19) .
To study the expression of CD4 vs. CD8 markers on Ly5. The splenic single-positive TCR␣␤ ϩ T cells at 8 weeks expressed very high levels of both CD44 and CD45RB in comparison with the levels expressed by most splenic T cells in untreated wild-type mice (Fig. 2D) . The phenotype of these progenitorderived T cells differed also from the CD44 hi CD45RB lo activated-memory phenotype of expanded mature spleen and lymph node CD4 ϩ T cells transferred to T cell-deficient hosts (30) (31) (32) Fig. 2 A) ; the latter cells were either TCR␣␤ ϩ or expressed the Thy- Thus, few if any B cells, granulocytes, macrophages, or NK cells, respectively, developed from the injected Ly5.2 ϩ progenitor cells that seem to be CTP. The inability of the latter progenitors to generate myeloid͞erythroid cells was also shown in vitro, because no outgrowth of methyl-cellulose colonies at day 7 was detected after plating 200 CTP in cultures containing stem cell factor, IL-11, Flt3, IL-3, granulocyte͞macrophage colonystimulating factor, erythropoietin, and thrombopoietin. In contrast, 59 myeloid, 3 erythroid, 2 megakaryocytic, and 11 mixed colonies were detected at the same time point after plating 100 sorted Thy-1 lo Sca-1 hi c-Kit lo hematopoietic stem cells. Because NK cells represent only a few percent of cells in the normal spleen or marrow, it was possible that a small percentage of the progeny of the purified progenitors were members of the latter lineages and could be detected only after appropriate enrichment. Accordingly, bone marrow cells from adoptive hosts were enriched for Thy-1 ϩ cells by using immunomagnetic beads, because NK cells express this marker (33) . The enriched cells were analyzed for NK1.1 ϩ cells; these accounted for 3.2% of all harvested cells, but progenitor-derived Ly5.2 ϩ NK1.1 ϩ cells accounted for only 0.01% of enriched cells (data not shown).
To determine whether Ly5.2 dendritic cells were reconstituted by using 1 ϫ 10 4 purified progenitors, spleen fragments from adoptive hosts were harvested at 4 weeks. Single-cell suspensions were enriched for dendritic cells with anti-CD11c immunomagnetic beads, because the latter cells express this marker (34) . (Fig. 3A) . Poisson statistics predict that two-thirds of the hosts in a group will be reconstituted by an average of one progenitor cell per mouse. Thus, for reconstitution of spleen T cells, there was approximately 1 progenitor cell in 75 sorted cells that were injected. A similar analysis for reconstitution of the thymus was approximately 1 progenitor in 180 sorted cells (Fig. 3B) .
Near unit dilution (100 sorted cells injected), three of seven mice with detectable donor T cells showed reconstitution of the spleen without detectable donor Ly5.2 ϩ cells in thymus (Fig. 3  C and D, respectively) . At that dilution, four of seven mice showed donor cell reconstitution of both the spleen and the thymus. When 250 sorted cells were injected, 3 of 10 mice showed reconstitution of the spleen (Fig. 3E) without detectable donor cells in the thymus (Fig. 3F) , and 7 of 10 mice showed reconstitution of the spleen and thymus.
These experiments indicated that the sorted progenitors can use an extrathymic pathway for reconstitution of the spleen. Extrathymic reconstitution was tested also by injecting 250 sorted cells into a group of irradiated athymic C57BL͞6 Ly5.1 nu͞nu hosts instead of euthymic hosts. Reconstitution of TCR␣␤ ϩ T cells was detected in the latter hosts, and the mean Ϯ SE of the absolute number of progenitor-derived TCR␣␤ ϩ Ly5. (Fig. 4A Upper) . Primers were chosen to hybridize with the V ␤ 8 gene segment and with an intron located between the J ␤ 2 gene cluster and the C ␤ 2 exon. Whereas amplified, genomic DNA from untreated wild-type spleen cells showed a clear band of amplified DNA of appropriate size, no amplified DNA was detected by using the same amount of genomic DNA from sorted marrow cell progenitors. However, genomic DNA from sorted donor-type (Ly5.2 ϩ ) spleen cells obtained 4 weeks after the injection of 1 ϫ 10 4 sorted Ly5.2 marrow progenitor cells into irradiated Ly5.1 hosts showed an amplified band of DNA with primers for V ␤ 8 (Fig. 4A Upper) (20) . The same analysis was performed to study the rearrangement of the V ␤ 7 gene with primers that hybridized specifically with the V ␤ 7 gene segment. Again, the sorted progenitor cells failed to show an amplified V ␤ 7 band, but the appropriate size band was observed in the host spleen 4 weeks after the progenitor cell injection (data not shown).
Because rearrangements of the D ␤ -J ␤ gene segments can precede rearrangements of the V ␤ gene segment during early T cell maturation, PCR analysis for D ␤ gene segment rearrangement was performed with a primer that hybridized with the D ␤ 1 segment, and the J ␤ 2-C ␤ 2 intron primer was the same as described above. Fig. 4C shows that an amplified DNA band was not detected with genomic DNA from sorted progenitor cells, but a band of the appropriate size was detected by using either normal spleen cells or spleen cells from irradiated hosts 4 weeks after the progenitor cell injection. Fig. 4A Lower shows positive control PCR amplifications of the C ␣ exon 1 gene segment for all genomic DNA samples used in Fig. 4 A and C.
The bipotent T and NK progenitors in the fetal blood and spleen reported elsewhere (13) expressed the RAG-1, RAG-2, and pT␣ genes that precede V ␤ gene rearrangement. To compare similar gene expression in sorted progenitors in the adult bone marrow to those reported in the fetus, RNA was extracted from sorted progenitors from the bone marrow of wild-type C57BL͞6 mice, and reverse transcription-PCR analysis was performed. Fig. 4D shows that the sorted progenitors expressed the RAG-1, RAG-2, and pT␣ genes but that sorted CD4 ϩ and CD8 ϩ TCR␣␤ ϩ spleen cells from normal C57BL͞6 mice did not. On the other hand, sorted CD4 Ϫ CD8 Ϫ thymocytes from the same mice expressed all three genes as expected (Fig. 4D) . ␤-Actin controls were obtained to assure adequacy of the RNA yields.
In further experiments, the spleen cells from 10 hosts injected with 250 sorted cells (receiving an average of about three progenitor cells per mouse) were stained to determine the percentage of donor (Ly5. (15, 16) resulted in an absolute number of thymocytes and bone marrow T cells that was similar to that of untreated mice (data not shown). This result suggested that progenitors used in the present study may have reconstituted T cells in the marrow and peripheral lymphoid tissues predominantly through an extrathymic pathway, and that thymus reconstitution was severely restricted. The ability of progenitors to reconstitute by means of an extrathymic pathway was confirmed by using athymic nu͞nu hosts. The latter hosts rapidly developed similar numbers of donor T cells in the spleen and lymph nodes as compared with euthymic hosts, given equal limiting numbers (250 per host) of progenitor cells. It is unlikely that mature marrow T cells that contaminate the sorted progenitor cells were the source of donor T cells in the host lymphoid tissues, because injection of 1 ϫ 10 4 mature marrow TCR␣␤ ) cells in the bone marrow or spleen of the hosts. The inability to differentiate into myeloid and erythroid cells was confirmed by in vitro culture experiments. The T cell commitment of the progenitors occurred in the marrow before the rearrangement of the TCR ␤ chain genes, because PCR analysis of genomic DNA obtained from the purified progenitors failed to detect rearrangements of the D ␤ 1, V ␤ 7, or V ␤ 8 gene segments. The CTP expressed the RAG-1, RAG-2, and pT␣ genes as did the bipotent NK and T cell progenitors reported elsewhere (13) , but the CTP have a more restricted developmental potential.
In conclusion, the study shows that commitment of progenitors to the T cell lineage occurs in the bone marrow before the rearrangement of the TCR genes. Furthermore, these unusual progenitors are capable of only limited reconstitution at the thymus of the adoptive hosts, and the bone marrow and peripheral lymphoid tissues can be reconstituted by means of an extrathymic pathway.
